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Abstract 
This research study presents an exploration of the oxide properties that can be obtained by anodising commercial 
purity titanium in diluted sulphuric acid and phosphoric acid solutions. Correlations between oxide growth rate and 
electrolyte composition and concentration, as well as a quantification of oxygen evolution occurring at the electrode 
surface as concurrent anodic reaction, are presented. Much effort was dedicated to identifying a suitable technique for 
thickness measurements on oxides thinner than 50 nm. 
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1. Introduction 
The electrochemical process of titanium anodic oxidation generates an oxide layer on the metal 
surface, whose thickness can range from 10 nm to some micrometers. Depending on the process 
parameters imposed, such as feeding voltage and electrolytic solution, the so formed oxide presents 
different characteristics, such as thickness, colour, density, homogeneity and insulating properties [1-3].  
Traditional anodising consists of a low voltage anodising of titanium in acidic solution to achieve the 
formation of a thin, amorphous oxide layer, from 10 to a few hundred nm thick, which shows colours that 
change with its thickness due to interference effects between oxide, metal and light [2]. The 
characterization of these oxides is mainly performed through spectrophotometry, whose output is a 
reflectance curve that contains information on the oxide thickness: this parameter can be extrapolated 
through the application of interference principles [3]. At higher oxide thicknesses the interference effect is 
lost, together with the surface colour. In some circumstances, oxide crystallization may also occur and 
impede interference, giving a grey surface as a result. Specifically, titanium oxide crystallization during 
anodising is promoted by a low oxidation rate, which allows the growing oxide to rearrange its structure 
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while building up. Crystallization is also favoured by high voltages, when a localized breakdown of the 
oxide takes place in defective points of the oxide itself, leading to structural change. The breakdown 
occurs at different voltages depending on the electrolyte, as well as on applied current density.  
A first nucleation of isolated nanometric crystal germs can already be observed at low voltages – of the 
order of 2 V. This nucleation is ascribed to internal electrostrictive stresses in the growing oxide, and is 
associated with the beginning of oxygen evolution on the oxide surface as concurrent anodic reaction 
[4,5]. This type of crystallites doesn’t interfere with colour; on the contrary, a major crystallization 
process occurs at cell voltages of the order of 70 V and leads to the onset of microplasma conditions – the 
so-called anodic spark deposition process, or micro-arc oxidation – during which TiO2 nanocrystals 
gradually grow, creating an obstacle to interference phenomena [6].  
In this experimental work, spectrophotometric measurements were carried out to infer the thickness of 
oxides on anodised titanium; this could be performed only up to an anodising voltage of 100 V, above 
which the interference colour is lost. Crystallization may be avoided if a two-step surface preparation 
procedure is applied [7]; this condition was not considered herein, as it goes beyond the scope of the 
present work.  
For oxides thinner than 40 nm the reflectance peaks that serve for thickness calculation are not 
contained in the visible light region spanned by reflectance spectrophotometry. A solution to the issue of 
measuring thin oxides thicknesses shall be found, as thin TiO2 films can find applications in optical 
devices as well as in memristors, where an optimal definition of the oxide characteristics such as 
stoichiometry and thickness and of their correlation with anodising parameters is crucial [8]. Here, a 
coulometric method is applied, consisting of the measurement indirect calculation of oxide thickness as a 
function of total charge provided to the anodised metal during the process [9]. 
2. Experimental 
2.1. Titanium anodising  
In this experimental work Grade 2 titanium sheets were cut to 2 cm x 2 cm specimens and degreased 
with acetone; specimens were etched in a diluted HF/HNO3 mixture. Anodising was performed in two 
different electrolytes: diluted sulphuric acid and diluted phosphoric acid, with concentration ranging from 
0.05 M to 0.5 M. The two solutions were chosen, on the basis of a literature survey, with the aim of 
studying two different conditions, i.e., the formation of partially crystalline oxides (in H2SO4) and of 
oxides with lower crystallinity (in H3PO4, due to the inhibition of crystallites formation exerted by 
phosphate ions) [1,10,11].  
Anodizing was carried out at room temperature (approximately 25°C) in galvanostatic conditions. 
Current density was varied in the range 50 to 800 mA/cm2: also in this case, different values were chosen 
so as to obtain different crystallization extents, as well as different growth rates. Final cell voltage 
reached a maximum of 100 V. 
 
2.2. Oxides characterization 
Oxides were characterized in terms of crystallinity and thickness. The former property was 
investigated by means of X-ray diffractometry (XRD), while for the latter different techniques were 
employed. Spectrophotometric measurements were performed by means of a Konica Minolta 
spectrophotometer CM-2600d. This analysis was applied to specimens anodised with a final voltage of 
9 V or more, as the thickness produced by lower voltages wasn’t sufficient to produce interference peaks 
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in the measurement range. Reflectance spectra collected by spectrophotometry were used to calculate 
oxide thickness: the interference relationships extrapolated by Snell’s refraction law and Bragg’s 
diffraction law were applied to the position of maxima and minima in the oxide reflectance spectrum, as 
described in previous works [7]. 
For very thin oxides, obtained at voltages lower than 10 V, thickness was derived from the total charge 
that was supplied to produce them, calculated with Faraday’s law: 
Q = iǻt = (zFȡ ǻd)/M  (1) 
where Q is the specific charge (total charge divided by the specimen surface area), i the current 
density, ǻt the anodising time, z the valence of titanium ions (+4), F Faraday’s constant (96485 C/mol), ȡ 
the density of the growing titanium oxide, ǻd the oxide thickness and M the molecular weight of TiO2 
(79.87 g/mol). In calculating oxide thickness ǻd, its density was considered as ranging between 3.1 and 
3.9 g/cm3 depending on the expected oxide structure: these values refer to a crystalline oxide and to a 
completely amorphous oxide, respectively. 
 
3. Results and discussion 
Figure 1 shows the anodising time required to reach a specific voltage as a function of the chosen 
current density, and the corresponding oxide thickness as calculated from spectrophotometric 
measurements. Two different conditions were considered at the beginning, that is, etched specimens and 
non-etched specimens, in order to identify possible effects of a harsh surface cleaning on the oxidation 
rates of the metallic substrate. 
A first glance to curves presented in Figure 1 leads to some preliminary considerations. First, etching 
slightly promoted titanium oxidation, which exhibited a steeper voltage-time relationship; moreover, a 
visual observation of the specimens indicated that a higher oxide homogeneity was obtained on etched 
surfaces. For these reasons, in subsequent tests all specimens were etched prior to anodizing.  
As expected, an increase in current density caused a faster reaching of a specific cell voltage; 
moreover, a linear relationship was attested between applied voltage and oxide thickness. The anodizing 
ratio calculated by linear regression of experimental data was 2.0±0.2 nm/V, with regression coefficients 
higher than 0.997. Interestingly, in spite of the role in oxide growth rate, no effect of current density was 
observed on the final oxide thickness at a given voltage. Tests were performed in different dilutions of 
sulphuric acid: the electrolyte concentration was varied over one order of magnitude (0.05÷0.5 M), but no 
significant alterations of anodizing ratio were observed (Figure 2). 
The interpolation of thickness-to-voltage curves down to zero voltage should give the thickness of the 
native oxide. Yet, interpolations all show an intercept different from zero, and specifically ranging from 
13 to 16 nm. This is an artefact that has no physical meaning considering that all specimens were etched 
prior to anodising, which implies that even the native oxide was dissolved before anodizing: therefore, 
some discontinuity in the response of the metal to oxidation is expected when anodising is carried out in 
the range 0 to 10 V.  
 
As cited above, the investigation of the oxidation behaviour below 10 V by spectrophotometry was not 
possible, since the lowest oxide thickness that could be observed was 37 nm. Therefore, coulometric 
measurements were identified as the most reliable method to analyse low voltage anodising. 
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(a)      (b) 
Fig. 1. (a) Voltage vs time curves as a function of current density during titanium anodising  in 0.5 M H2SO4; (b) Oxide thickness 
calculated from spectrophotometric data as a function of anodising voltage and current density, on etched and non-etched specimens 
 
 
Fig. 2. Oxide thickness calculated from spectrophotometric data as a function of anodising voltage and sulphuric acid concentration 
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Results of coulometric tests are reported in Figure 3. A higher anodising ratio was observed for 
voltages lower than 10 V, with a minimum value of 3.2 nm/V. This is probably due to the poor barrier 
effect exerted by the initial phases of oxide growth: this was interpreted by assuming that a defective – 
and possibly porous – oxide is first formed, which allows a faster ionic conduction through the growing 
layer. Above a few volts it becomes more difficult for species to cross the oxide and reach the metal-
oxide interface as the barrier gets more compact and effective: therefore, the second slope observed in 
thickness-to-voltage trends decreases to lower values, of approximately 2 nm/V. 
In contrast with the results of spectrophotometric measurements, higher anodising ratios were 
observed at lower current densities in coulometric measurements: this effect was ascribed to the 
occurrence of the parasitic reaction of oxygen evolution, rather than to real differences in the anodising 
ratio. More specifically, at low voltages the application of a low current density induced the growth of a 
more orderly structured oxide, incentivising the formation of nanometric crystal domains, which in turn 
acted as pathways for current leakage and consequently anticipated oxygen evolution [4,5]. 
 
 
Fig. 3. Oxide thickness calculated by coulometric data as a function of anodising voltage and current density, as a result of 
anodising in sulphuric acid  
 
Oxygen evolution caused an overestimation of the final oxide thickness evaluated through coulometric 
measurements, since it subtracted part of the current provided for oxide build-up. This effect was further 
studied by analysing another electrolytic solution, that is, phosphoric acid, since the presence of 
phosphates is supposed to delay the formation of crystallites [10,11]. In fact, this was proved by 
comparing the thickness-voltage curves obtained in sulphuric and phosphoric electrolytes by coulometric 
measurements (Figures 3 and 4). The thickness calculated at 10 V from spectrophotometric data was used 
as reference value. 
 M.V. Diamanti et al. /  Physics Procedia  40 ( 2013 )  30 – 37 35
While oxides produced in phosphoric acid showed a very good adherence between coulometric and 
spectrophotometric thickness at 10 V, in the case of sulphuric acid a discrepancy is observed, with a 
higher oxide thickness extrapolated from the total charge consumed by the system. The gap between 
spectrophotometric and coulometric thicknesses was used as an estimation of oxygen evolution, which 
was considered to be the only relevant concurrent reaction justifying the surplus of charge consumed in 
the system. Figure 5 reports the percentage of charge consumed in oxygen evolution reactions as a 
function of the anodising voltage. Results indicate increasing oxygen evolution extents with decreasing 
current density, which is related to the aforementioned higher tendency of the oxide to crystallize at low 
growth rates. From experimental data of Figure 5 it is possible to infer a critical voltage for oxygen 
evolution, that is, below which anodising efficiency can be considered 100%. This voltage was estimated 
to be 15 V in phosphoric acid, while in sulphuric acid some crystallites already induce oxygen evolution 
at 10 V. 
 
  
Fig. 4. Oxide thickness calculated by coulometric data as a function of anodising voltage and current density in phosphoric acid; the 
black square symbol represents oxide thickness at 10 V measured by spectrophotometry 
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Fig. 5. Oxygen evolution as a function of cell voltage for specimens anodised in sulphuric acid (S) at 5 and 20 mA/cm2 and in 
phosphoric acid (P) at 5 mA/cm2 
In a few cases, spectrophotometric measurements seem to overestimate the total oxide thickness, 
although very slightly (from 2 to 7 nm maximum). This can be ascribed to the fact that coulometric 
measurements do not take into account possible oxide films already present on the surface (i.e., the 
passive film) which should affect the final thickness of the oxide. This film should be removed by 
etching, but if anodising is not performed straight after etching a new passive film will form: a few 
minutes up to 3 hours are enough for the native oxide to be restored [12]. 
Therefore, in coulometric measurements two possible errors must be considered: an overestimation of 
the oxide thickness, due to oxygen evolution processes, and an underestimation due to the possible pre-
existence of a passive film. While the latter accounts only for few nm variation and is therefore almost 
negligible, the former can cause an important overestimation: therefore, these evaluations cannot be 
performed on oxides containing crystal domains, as oxygen evolution would affect the calculated 
thickness. 
 
4. Conclusions 
Titanium anodising was performed in sulphuric and phosphoric acid by applying different voltages and 
current densities. The thickness of oxides produced below the threshold of 10 V cannot be investigated by 
spectrophotometry, since it falls below the range of instrument sensitivity. In this range coulometric 
measurements can be used to evaluate oxide thickness. On the other hand, anodising at voltages higher 
than 10 to 15 V excludes the possibility of using coulometric measurements to estimate oxide thickness, 
since an increasing percentage of charge flowing in the electrochemical system is consumed by oxygen 
evolution instead of contributing to the oxide build-up. By using both spectrophotometry and coulometry 
it was possible to identify two different anodising ratios, one at low voltage – approximately 3 nm/V – 
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and one above 10 V – approximately 2 nm/V. Different results were obtained in sulphuric acid and 
phosphoric acid: in the former, higher anodising ratios were observed, and the first crystallites nucleated 
at lower cell voltages. On the contrary, decreasing the electrolyte concentration by one order of 
magnitude didn’t influence the oxide growth rate significantly. 
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